We report on a strong photoluminescence (PL) enhancement of monolayer MoS 2 through defect engineering and oxygen bonding. Micro-PL and Raman images clearly reveal that the PL enhancement occurs at cracks/defects formed during high-temperature annealing. The PL enhancement at crack/defect sites could be as high as thousands of times after considering the laser spot size. The main reasons of such huge PL enhancement include the following: (1) the oxygen chemical adsorption induced heavy p doping and the conversion from trion to exciton; (2) the suppression of nonradiative recombination of excitons at defect sites, which was verified by low-temperature PL measurements. Firstprinciple calculations reveal a strong binding energy of ∼2.395 eV for an oxygen molecule adsorbed on a S vacancy of MoS 2 . The chemically adsorbed oxygen also provides a much more effective charge transfer (0.997 electrons per O 2 ) compared to physically adsorbed oxygen on an ideal MoS 2 surface.
T here is a great need for controlling the properties of two-dimensional (2D) materials to fulfill the requirements of various applications. For example, modulating the electrical and optical properties of graphene through electrical and magnetic fields, 1 strain, 2 stacking geometry, 3 edge chirality, 4 and defects 5 has been successfully demonstrated. 6 Defects such as vacancies are active centers for molecular adsorption and chemical functionalization, which would provide a great platform for the interplay between 2D materials and various atoms and molecules. Among the most investigated 2D layered materials, single-layer and multilayer molybdenum disulfide (MoS 2 ) are semiconductors with direct/indirect band gap of ∼1.2À1.8 eV, 7, 8 which makes them promising candidates for optoelectronic applications, such as photodetectors, 9, 10 photovoltaics, 11À13 and light emitters. 14 However, the photoluminescence (PL) of as-prepared monolayer MoS 2 has lagged behind expectation for a highquality direct band gap semiconductor. 8, 15 Previous work has shown that the weak PL is mostly due to formation of negatively charged excitons (also named as negative trions) in the naturally n-doped MoS 2 . 16 The switch from trion to exciton in MoS 2 via electrical gating and molecular adsorptions (e.g., O 2 , H 2 O, TCNQ) can dramatically enhance the PL of MoS 2 . 16À19 Structural defects, such as vacancies, dislocations, grain boundaries, and edges have been observed in both pristine/as-grown MoS 2 20À22 and electron beam/plasma-irradiated samples. 23, 24 The proper utilization of these defects to improve the optical properties of MoS 2 is highly desirable.
In this work, we present the defect engineering of monolayer MoS 2 and the strong oxygen bonding on the defect sites. The PL intensities at the defect sites could be enhanced by at least thousands of times, as observed by highresolution micro-PL images. The oxygen adsorbed on the defect site has very strong bonding energy and would introduce heavy p doping in MoS 2 and hence a conversion from trion to exciton. The excitons at defects sites are dominated by radiative recombination at room temperature, resulting in a high PL quantum efficiency. We also show that the defect engineering could be easily realized by oxygen plasma irradiation. Figure 1a shows a PL intensity image of an asprepared monolayer MoS 2 , which is very uniform across the whole sample. The PL spectrum from location A is shown by the black curve in Figure 1g , with a relatively weak peak located at ∼1.79 eV, corresponding to the direct band gap emission. The PL intensity is enhanced by 6-fold ( Figure 1b ) after the sample is annealed for 1 h at 350°C in vacuum (0.1 Pa) and exposed to ambient air. At the same time, the PL peak blue shifts to ∼1.81 eV, as shown by the green curve in Figure 1g . These phenomena have been reported and explained by the physical adsorption of O 2 and H 2 O molecules on MoS 2 (p-type doping, with O 2 as the dominant contributor). 18 The as-prepared MoS 2 is normally n-doped, due to the presence of defects or substrate unintentional doping. 20, 25 In such cases, the photoexcited electronÀhole pairs would bind with excess electrons to form negative trions (labeled as X À , with lower energy), instead of neutral excitons (labeled as X, with higher energy). The depletion of excess electrons by O 2 /H 2 O adsorption can therefore switch the dominant PL process from trion recombination to exciton recombination. The physically adsorbed molecules are not stable due to the weak binding energy and can be easily removed by vacuum pumping. Figure 1c shows that the PL intensity almost reduces to its original value after pumped down to 0.1 Pa. On the other hand, the results are quite different for the sample annealed at higher temperature. Figure 1dÀf shows the PL intensity images of another monolayer MoS 2 after similar annealing and pumping processes, but with a higher annealing temperature of 500°C. As shown in Figure 1e , the PL image becomes highly inhomogeneous after annealing. In some locations (e.g., C and D), the PL intensities are dramatically increased to 30 and 89 times, respectively, as compared to its original values. Furthermore, the PL intensities from those locations only drop slightly (to 22 and 80 times, respectively) after the pumping process (Figure 1f ,h), and they are very stable after laser irradiation of ∼30 min with a power of ∼0.5 mW. This suggests that, ARTICLE in these locations, there is a strong interaction between MoS 2 and adsorbed molecules, possibly with a chemical adsorption.
RESULTS AND DISCUSSION
In order to have a more detailed investigation, highresolution micro-PL and Raman images, as well as atomic force microscope (AFM) image, are taken from a selected region of the second sample. Figure 2a ,b presents PL and Raman (A 1g peak) intensity images, where the fine structures can be distinguished with a high spatial resolution of ∼300 nm. As can be seen, there is a very good correlation between the PL and Raman intensity images, with higher PL intensities in lower Raman intensity regions. AFM investigation in Figure 2e further reveals that these regions are exactly corresponding to the cracks in MoS 2 , which are formed during the high-temperature annealing. The origin of the formation of cracks will be discussed later. We also observe a clear blue shift of the MoS 2 A 1g peak in the cracked regions, as shown in Figure 2d . Raman spectroscopy is a powerful tool to study the properties of MoS 2 . 26, 27 A p/n-type doping would cause a blue shift/red shift of A 1g peak of MoS 2 due to the change of electronÀphonon interactions, while the E 2g peak frequency is almost unaffected. 28, 29 The A 1g peak of the cracked region is slightly blue-shifted by ∼1 cm À1 as compared to other regions (Figure 2f ), which suggests that there is a p-type doping. It could be understood as follows: Mo and S atoms at the cracks of MoS 2 contain numerous dangling bonds, which can be considered as a lot of defects and are very active centers for molecular adsorption. Therefore, O 2 can adsorb on the cracks/defects with much stronger binding energy as well as introduce p-type doping, as compared to the ideal MoS 2 surface. This is also supported by firstprinciple calculations in the later sections. The p-type doping would introduce a conversion from trion to exciton emissions, as verified by the blue shift of PL peak in Figure 1g (from ∼1.79 eV (X À ) of as-prepared sample to ∼1.83 eV (X) of cracked regions). The intensity profiles of PL and Raman images across a crack are shown in Figure 2c . Both of these two curves can be well fitted by Gaussian functions. As the width of the crack is only around 30 nm, the width of the Raman intensity profile of ∼300 nm is only limited by the spatial resolution of the system. The PL intensity profile has a similar width of ∼304 nm, which suggests that the PL signals are mainly from the cracked regions. In viewing of this, the PL enhancement at cracks/ defects regions should be re-estimated by considering the laser spot size. In a normal microscope setup, the PL signals are collected from the whole regions of spot size, that is, ∼300 nm in our case. The PL signals from cracks/defects with nanometer sizes are ∼30 times stronger compared to the original PL intensity collected from the whole ∼300 nm spot size regions! By considering the cracks as two one-dimensional edges with effective widths of several nanometers, this would give a PL enhancement of at least thousands of times at the crack/defect sites. Such a huge PL enhancement cannot be simply explained by the switch of PL process from trion recombination to exciton recombination, which can only enhance the PL intensities by several to tens of times. 16À19 We suggest that this is related to the high PL quantum efficiency of excitons at defect sites. 
ARTICLE
Low-temperature PL measurements are carried out and shown in Figure 3 . The PL spectra from as-prepared monolayer MoS 2 as well as cracked regions (similar to locations C and D in Figure 1e ) are collected at temperatures from 83 to 287 K in a low-temperature Linkam stage (with 1°C temperature accuracy and stability). The temperature dependence of PL intensity can be expressed by 30, 31 
where I 0 is the maximum PL intensity at very low temperature, and k rad (T) and k nonrad (T) are the temperature-dependent radiative and nonradiative recombination rates. The nonradiative recombination rates k nonrad contain the rates of defect trapping k relax and electron relaxation within the conduction and valence band k relax . 8 In most of the materials, the PL intensities as well as quantum efficiency dramatically decrease as the temperature increases, due to the thermally activated nonradiative recombination. The PL intensity of asprepared MoS 2 is reduced to ∼10% with the increase of temperature from 83 to 287 K (Figure 3a and inset) because of nonradiative recombination. Surprisingly, the PL intensity of cracked regions is almost unchanged with the change of temperature (Figure 3b and inset). According to eq 1, the nonradiative recombination rate k nonrad of the excitons at cracked regions is almost negligible, and the PL process is dominated by radiative recombination. 32 This could be the main reason for huge PL enhancement at defect/crack sites. The excitons in lower-dimensional systems (in our case, the excitons may localize at the defect sites) generally have much larger binding energy, 33, 34 which may suppress the thermally activated nonradiative recombination including defect trapping and result in a very high PL quantum efficiency. Previous work also found that the thermal activation energy (temperature) for nonradiative recombination increases with the decrease of quantum well thickness, due to the stronger quantum confinement effect. 35 Further work on the timeresolved PL experiments to investigate the recombination process of these localized excitons would be very interesting. Recently, a strong PL enhancement at WS 2 edges has also been reported and was attributed to the exciton accumulation or localized excitons near lattice defects (different structure and chemical composition of the platelet edges). 36 The PL enhancement did not happen at WS 2 edges created via mechanical scratch, which suggests that it might be due to the WÀO bonding formed during the growth of WS 2 at high temperature since the raw material is WO 3 . We have also checked the origin of crack formation and oxygen bonding by changing the vacuum pressure in the annealing chamber. As can be seen in Supporting Information Figure S1a , annealing at 10 À4 Pa at 600°C does not introduce oxygen bonding, indicated by the recovery of PL intensity to its original value after vacuum pumping. There are no cracks formed either. However, if we change the vacuum pressure to 100 Pa (which means there are certain amounts of oxygen in the chamber at 600°C), a stronger PL enhancement is observed and the PL intensity only decreases by ∼50% after vacuum pumping. This suggests that oxygen in the chamber plays an important role in the formation of cracks and oxygen bonding. We also anneal the sample at ∼300°C in air and observe the formation of triangle pits in MoS 2 , which is similar to the results reported in ref 37 . There is also a strong PL enhancement as can be seen in Figure S1b . Therefore, it is suggested that the cracks in our sample are formed by reaction of O 2 (due to the not very high vacuum condition) with MoS 2 at high temperature, followed by the chemical bonding of an oxygen molecule at the crack edges at high temperature.
The binding energy as well as charge transfer between O 2 molecule and MoS 2 is calculated by firstprinciples methods. Previous experimental and theoretical ARTICLE results have shown that monosulfur vacancies are the most stable defective structures, 21 and therefore our simulation is focused on a monosulfur vacancy on the MoS 2 lattice. The structures of the O 2 molecule adsorbed on an ideal 4 Â 4 supercell of monolayer MoS 2 and the same supercell in the presence of a S vacancy are shown in Figure 4a ,b, respectively. The binding energy between the O 2 molecule and an ideal MoS 2 is only 0.102 eV and therefore can be considered as physical adsorption. In contrast, the binding energy of an O 2 molecule on a S vacancy of MoS 2 is 2.395 eV. This suggests that the O 2 molecule on the S vacancy of MoS 2 can be considered as chemisorbed and therefore is very stable under vacuum pumping. We have calculated the energy barrier between physical and chemical adsorption of oxygen molecules on the MoS 2 vacancy and found a reaction barrier of ∼1.05 eV, which can be easily overcome under high-temperature annealing conditions. Details can be found in Supporting Information Figure S2 . The charge transfer between an O 2 molecule and ideal MoS 2 (physical adsorption) is only 0.021e (from MoS 2 to oxygen), while that between an O 2 molecule and S vacancy (chemical adsorption) reaches 0.997e (from MoS 2 to oxygen). The increase of charge transfer between oxygen and MoS 2 with S vacancy is also one of the reasons for the huge PL enhancement at cracked regions. It should be noted that the charge transfer is strongly localized at the defect site (Figure 4d ), which means that the defect can be treated as a hole localization center. 38 The binding of free electrons or trions with such localized holes would form localized excitons, which are very stable and could even avoid nonradiative recombination. This would be the main reason of huge PL enhancement at defect/crack sites of MoS 2 .
Since the PL enhancement occurs at the defect sites, controlling the defect concentration (especially S vacancies) and introducing oxygen adsorption can be a promising method for manipulating the optical properties of MoS 2 . Here we adopt mild oxygen plasma (13.56 MHz, 5 W, 5 Pa) irradiation to controllably introduce defects in MoS 2 . It has been reported that plasma irradiation can easily introduce S vacancies in MoS 2 . 23, 24 At the same time, the oxygen ions are more reactive and can easily interact with MoS 2 at the defect sites. As shown in Figure 5 and inset, the PL intensity increases gradually with the increase of plasma irradiation time. By careful control of experimental conditions, the PL enhancement could be as high as 100 times. As the power of oxygen plasma is very weak, it can hardly introduce damage to MoS 2 , which is verified by the almost unchanged Raman line shapes (see Figure S3 ). The PL intensities of plasma-irradiated MoS 2 only drops by ∼10À20% under vacuum pumping and even after 1 h annealing at 400°C, indicating a strong oxygen chemical adsorption.
X-ray photoelectron spectroscopy (XPS) is used to study the change of MoS 2 structure after annealing and oxygen plasma treatment. Here, a bulk sample is used due to the experimental limitations. The XPS spectra of as-prepared, 350°C annealed, and oxygen plasma treated (13.56 MHz, 5 W, 5 Pa, 30 s) MoS 2 are shown in Figure 6 . All of the samples contain the characteristic peaks of MoS 2 , with a doublet Mo 4þ 3d 3/2 and Mo 4þ 3d 5/2 at ∼232.6 and ∼229.4 eV, and a S 2s peak at binding energies of ∼226.4 eV (Figure 6a ). 39 The XPS spectra of as-prepared and 350°C annealed sample are similar, but with a slightly stronger O 1s peak located at ∼532 eV for the annealed sample (Figure 6b ). This should be due to the physically adsorbed oxygen molecules. In the oxygen plasma treated sample, a well-pronounced peak at ∼236.2 eV shows up. This peak is attributed to the Mo 6þ state, which is also a doublet but with one of the peaks overlapping with Mo 4þ 3d 3/2 at ∼233 eV. 40 At the same time, Mo 4þ and S 2s peaks are reduced. In addition, the intensity of the O 1s peak increases dramatically after oxygen plasma treatment (Figure 6b ). The appearance of higher 
oxidized Mo 6þ states and the strongly increased oxygen concentration in plasma treated MoS 2 are clear signatures of the formation of MoÀO bonds. 40 There might be MoO 3 formed after oxygen plasma treatment. However, MoO 3 does not present obvious PL signals and therefore does not contribute to the strong PL enhancement.
Finally, it should be noted that vacancy defects in MoS 2 would introduce localized donor states inside the band gap of MoS 2 , and low carrier density transport is dominated by hopping via these localized gap states. 20 However, it seems that certain amounts of defects in MoS 2 generated by thermal annealing and plasma treatment would not degrade its optical properties, while providing the possibility of defect engineering through chemical bonding with oxygen or other types of molecule.
CONCLUSION
To summarize, we have achieved a strong PL enhancement of MoS 2 through defect engineering and oxygen bonding. The micro-PL and Raman images clearly reveal that the PL enhancement occurs at the defect sites and can be as high as thousands-fold after considering the laser spot size. Such a huge PL enhancement is attributed to oxygen bonding induced heavy p doping as well as high quantum efficiency of excitons localized at defect sites. Finally, we adopt oxygen plasma to controllably introduce defects and oxygen bonding in MoS 2 , resulting in a controllable manipulation of PL. Our results provide a new route to modulate the optical properties of MoS 2 . The strong PL of MoS 2 achieved by defect engineering would be very promising for optoelectronic applications, such as lightemitting devices. 41 
EXPERIMENTAL METHODS
Sample Preparation, Thermal Annealing, and Vacuum Pumping. Monolayer MoS 2 flakes are exfoliated from bulk crystals (SPI Supplies) and transferred to a Si wafer with a 300 nm SiO 2 capping layer. The thickness of monolayer MoS 2 is confirmed by Raman spectra, optical contrast, and AFM. 15 The samples are annealed at the temperature of 350 or 500°C for 1 h in a quartz tube with pressure of 0.1 Pa. After being annealed, the samples are taken out and studied by PL/Raman measurements. The pumping treatment is performed in a homemade vacuum chamber with a pressure of 0.1 Pa, which can be put under the Raman microscope.
Micro-PL/Raman, AFM, and XPS Measurements. Micro-Raman/PL measurements are carried out using a Witec alpha 300R confocal Raman system. A 100Â objective lens with numerical aperture (NA) of 0.9 is used in the Raman and PL experiments, and the spot size of a 532 nm laser is estimated to be ∼300 nm using a scanning edge method. 42 The excitation source is 532 nm laser (2.33 eV) with a laser power below 0.5 mW to avoid laser-induced sample damage. For PL and Raman images, the sample is placed on an xÀy piezostage and scanned under the illumination of a laser with a step size of 100 nm. The PL and Raman spectra from every spot of the sample are recorded. Data analysis is done by using WITec Project 2.10 software.
AFM is carried out using a Nanoscape 8.15 system with tapping mode. XPS (ULVAC-PHI PHI5000) equipped with a monochromatic Al KR (1486.7 eV) X-ray source is used to scrutinize the MoS 2 surface.
Density Functional Theory Calculations. Spin-polarized density functional theory calculations are performed by employing the van der Waals density functional 43 within the framework of plane-wave pseudopotential method, which is implemented in the Vienna ab initio simulation package (VASP). 44 The optB86b-vdW exchange functional 45 is used for the vdW correction since its estimated lattice constant for MoS 2 is closest to the experimental value (3.16 Å) in our calculations. A large spacing of 15 Å between adjacent single layers is used to prevent interlayer interactions. A plane-wave basis set with kinetic energy cutoff of 400 eV is used. The Brillouin zone is sampled by 5 Â 5 Â 1 k-point meshes within the MonkhorstÀPack scheme. 46 All atomic positions are optimized until the maximum HellmannÀFeynman forces acting on each atom is less than 0.01 eV/Å.
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